Abstract. Here we present evidence for spontaneous and long-lasting regeneration of CNS axons after spinal cord lesions in adult rats. The length of 200 kD neurofilament (NF)-immunolabeled axons was estimated after photochemically induced ischemic spinal cord lesions using a stereological tool. The total length of all NF-immunolabeled axons within the lesion cavities was increased 6-to 10-fold at 5, 10, and 15 wk post-lesion compared with 1 wk post-surgery. In ultrastructural studies we found the putatively regenerating axons within the lesion to be associated either with oligodendrocytes or Schwann cells, while other fibers were unmyelinated. Immunohistochemistry demonstrated that some of the regenerated fibers were tyrosine hydroxylase-or serotonin-immunoreactive, indicating a central origin. These findings suggest that there is a considerable amount of spontaneous regeneration after spinal cord lesions in rodents and that the fibers remain several months after injury. The findings of tyrosine hydroxylase-and serotonin-immunoreactivity in the axons suggest that descending central fibers contribute to this endogenous repair of ischemic spinal cord injury.
INTRODUCTION
Today it is known that regeneration not only takes place in the peripheral nervous system (PNS) but also in the central nervous system (CNS) of adult mammalians. The endogenous repair in CNS does not seem to be as extensive as in the PNS though. Regeneration in the CNS can be achieved with stimulation of the regenerative process by implantation of fetal (1, 2) or adult PNS grafts (3, 4) , with addition of neurotrophic factors (5) (6) (7) (8) , or by utilizing combinations of such treatments (9) (10) (11) . Blockade of inhibitory mechanisms can also facilitate axonal regeneration (12) (13) (14) (15) (16) . Spontaneous axonal regenerative sprouting has been observed in the scar tissue after transection of spinal tracts and mainly of primary afferents (17, 18) . Schwann cell-ensheathed axons have been found within spinal cords from adult rats with both contusion (19) and compression injuries (20, 21) . Regeneration of subpial axons has been described in young rats after ischemic injuries (22) (23) (24) . Most previous reports describe regeneration of primary afferents, i.e. axons of peripheral origin, and/ or abortive sprouting, i.e. fibers that regenerate but are lost after some time. However, there are reports of tangled masses of central axons found within human cerebral and spinal cord lesions in postmortem studies that are claimed to be regeneration of central origin (25, 26) . Correspondingly, we have observed significant amounts of neurofilament (NF)-positive fibers within liquified necrotic cavities of the ischemic spinal cord in adult rats between 2 and 12 wk post-lesion (27) . These data have been qualitative however, since quantification of regenerating axons is intricate. We have earlier quantified axonal sprouting in spinal cord injuries in young rats using a novel stereological tool (28) . Newborn animals can regain function after spinal cord transection and it has been shown that descending tracts have regenerated (29) . In the present study we quantify the length of the NF-positive fibers within adult rats with spinal cord lesions at 4 different survival times post-lesion. To ascertain the axonal nature of the fibers and to determine the type of myelin ensheathing cells, ultrastructural studies were performed.
The origin of the regenerating axons is of great interest. To address this we used immunohistochemical methods to visualize not only the NF-positive axons but also their relation to oligodendrocytes, which provide myelin to axons of central origin, and to detect tyrosine hydroxylase (TH)-and serotonin (5-HT)-positive axons. TH and 5-HT are neurotransmitters of descending pathways (30, 31) ; the presence of axons that are immunoreactive for these substances indicate a supraspinal origin and not only ingrowth of primary afferents. Each line represents 1 rat and the values represent the post-lesion time in weeks, the functional ability prior to death estimated as a motor performance score (MPS), the volume of the lesion in mm 3 (V), the density of 200 kD NF-immunolabeled axons within the lesion expressed as length of NF-positive axons expressed in m/mm 3 (L v ), and the total length of all NF-immunolabeled axons within the lesion in m (L tot ).
(Xylocain , AstraZeneca, Södertälje, Sweden, 20 mg/kg, subcutaneous injection) were used for anesthesia. The eighth thoracic vertebra was exposed and irradiated for 10 min with an argon ion laser set at 514.5 nm, output power 1.12 W, reduced to an average of 0.11 W using a beam chopper, while the animals received 32.5 mg/kg, intravenous infusion of disodiumtetraiodofluorescein (erythrosin B, Aldrich Chemie, Steinheim, Germany). After injury, the animals were kept 4-5 per cage with free access to food and water. The animals had their bladders emptied manually twice a day and were washed daily.
The first day post-surgery, the motor function of every rat was evaluated in an open field. Six rats demonstrated weightbearing capacity in the hindlimbs and were excluded from the study. The same rats could not be used for all analyses because of different postmortem fixations and evaluations. Twenty-four rats were used for stereological evaluation, 6 for ultrastructural studies, and 6 rats for immunohistochemical study of TH and 5-HT. At 1 wk post-lesion, 1 group of rats was killed. The motor function of the remaining animals was evaluated as a motor performance score (MPS) (32) . At 1 wk post-lesion, the functional outcome was not tested as spinal cord injured rats are known to be rather unstable neurologically at this time (32) . Based on the MPS, the rats were matched and randomized to 3 additional survival times 5, 10, and 15 wk post-lesion. Before death at 10 and 15 wk post-lesion, the motor function was evaluated again using the MPS scale. All animal procedures followed NIH and national guidelines and were approved by the ethical committee of animal research for South Stockholm.
Immunohistochemistry
The animals were decapitated 1, 5, 10, or 15 wk post-injury. A part of the spinal cord containing the entire lesion was taken out, immediately frozen in a mixture of dry ice and iso-pentane, and stored at Ϫ70Њ. The spinal cord segments were cut in 40-m-thick cryostat sections (Microm HM 500 OM, Walldorf, Germany). The section angles, with respect to the spinal axis, were 90Њ (cross-sections), 60Њ, and 30Њ, since we originally planned to use another stereological tool (33). The sections were fixed in phosphate buffer containing 4% paraformaldehyde before further histological handling. Following removal of endogenous peroxidase with 3% H 2 O 2 , every sixth section (chosen with a random start) was labeled with monoclonal anti-NF protein 200 antibodies (1:500, IgG concentration of 0.69 g/ ml) (Sigma Immuno Chemicals, St. Louis, MO) to label NFcontaining axons. For visualization, avidin-biotin peroxidase (Vectastain ABC-kit, Vector Laboratories, Burlingame, CA) followed by vector SG (Vector Laboratories) was used. The specificity of the NF-immunoreactivity was checked in negative controls omitting the primary antibody or using a negative control serum of the same IgG subclass.
A different series of cryostat sections was immunohistochemically double-labeled with polyclonal anti-NF protein 200 antibodies (1:100, IgG concentration of 103 g/ml) (Sigma Immuno Chemicals) in combination with the oligodendrocyte marker MAB 328 (1:1,000, mouse anti-rat IgM antibodies) (Chemicon International, Inc., Temecula, CA). For other immunolabeling, thick sections from fresh frozen material could not be used so the lesioned spinal cord was taken out 5 and 10 wk after lesion placement and put into phosphate buffer (pH 7.4) containing 4% paraformaldehyde overnight. The tissue was then transferred to 10% sucrose buffer. The material was sectioned in 14-m-thick coronal sections on a cryostat (1720 digital, Wild Leitz, Kista, Sweden). Two series of cryostat sections were immunohistochemically labeled, the first with monoclonal anti-NF protein 200 antibodies (1:500, IgG concentration of 0.69 g/ml) (Sigma Immuno Chemicals) and polyclonal rabbit anti-TH antibody (1:100, IgG concentration 0.8 g/ml) (PelFreez, Rogers, AR). (1:400) (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) were used for visualization. The sections were mounted in 90% glycerin buffer.
Quantitative Analysis
The total length of NF-positive neuropil inside the lesion was estimated with isotropic computer-generated virtual planes (29, 33) using a computer-assisted microscopic analysis (CAST-Grid system, version 1.10, Olympus, Albertslund, Denmark). The analysis was carried out in systematically sampled microscope fields throughout the lesion by using an Olympus BH2 microscope with a motorized specimen stage controlling movements in the x-and y-axis. A microcator (VRZ 401, Heidenhain, Traunreut, Germany) monitored the movements in the z-axis with a resolution of 0.5 m. The method of quantification has been described in detail elsewhere (28, 34) . Briefly, all sections containing a lesion were sampled and a series of systematically sampled sections taken for analysis. The number of sections in each series varied depending on section angle. In lesions cut at 30Њ, fewer sections, with larger lesions and thus a higher number of fields to be analyzed, were selected. In each animal, 200-500 NF-positive fiber intersections with the isotropic virtual plane were counted in 6-12 sections. The lesion area was encircled at 4ϫ magnification and the NF-positive fibers inside this region were analyzed at a final magnification of 3,600 by using a 100 SPLAN oil immersion objective (NA ϭ 1.4). Live video images of a microscope field were viewed on a computer monitor as the focal plane was moved through a fixed height, h ϭ 10 m, of the section. A virtual plane was mapped inside the section by a random line that moved across the screen as the focal plane was moved through the section. Intersections between the moving line, which represents the isotropic virtual plane, and the NF-positive fibers in focus were counted if they fulfilled the counting rules, which ensure that each fiber is only counted once and only if it is inside the 1,120 m 2 large sampling box (28, 34) . The computer systematically selected a new isotropic random orientation of the virtual plane for each new field of vision. The section thickness (t) was measured with the microcator in all systematically sampled microscope fields. The mean thickness of the sections from each spinal cord lesion was used to calculate the total volume (V) of the lesion after histological processing. The volume is the product of the mean section thickness and the sum of all lesion areas. The length of the axons (L tot ) within the lesion is a product of the axonal density (L v ) and V. Because the virtual planes are randomly oriented, the L v can be calculated as the number of transects of neuropil per unit test area multiplied by 2. Detailed description of formulas and data handling are found in references (28, 34) .
The sections double-labeled with NF and MAB 328, 5-HT, and TH, respectively, were semi-quantified with a 0-3 scale with regard to the presence of immunolabeled MAB 328, 5-HT, TH, and double-stained fibers, respectively, as follows: 0, no stained fibers; 1, some; 2, many; and 3, almost all fibers positively labeled.
Electron Microscopy
Spinal cord injured rats were decapitated at 1 wk (n ϭ 2), 5 wk (n ϭ 2), or 10 wk (n ϭ 2) post-lesion. A segment from T6 to T10 of the spinal cord was removed and immersion-fixed in 4% paraformaldehyde and picric acid in phosphate buffer for 24 hr and then placed in 2% glutaraldehyde in phosphate buffer (pH 7.4) for at least 1 wk. The entire segment containing the lesion was post-fixed in 1% osmium tetroxide in phosphate buffer. One-mm-thick slices were cut at the rostral and the caudal end of the lesioned segment. The rest of the lesion segment was returned to the fixative and the procedure repeated until the entire tissue was osmium fixed and cut into 7 slices. The tissue was then rinsed in phosphate buffer, dehydrated through graded ethanols, and embedded in Epon-Araldite (Electron Microscopy Sciences, Fort Washington, PA). Semi-thin sections were stained with 1% toluidine blue and 1% methylene blue in 1% sodium borate. Sections were examined in a Philips CM10 transmission electron microscope.
Statistical Evaluation
Mean values of the parametric data are given with the standard deviation in parentheses (Ϯ) to show variability. The MPS data were compared using the Kruskal-Wallis test while the parametric data were analyzed with one-way ANOVA and the Bonferroni-Dunn test for post-hoc comparison.
RESULTS

Motor Performance
Fifteen percent of the rats demonstrated weight-bearing capability in the hindlimbs and were excluded from the study. Based on the functional outcome, the animals could be divided into 2 groups: one better functioning group with MPS between 6 and 7; the other group exhibited poorer functioning, with MPS of 4 (Table) . There was no difference in the median functional outcome between the different survival groups (p ϭ 0.91).
Immunohistochemical Analysis
At 5, 10, and 15 wk after lesioning, axons immunolabeled with 200 kD NF were found within the lesion cavities (Fig. 1) . Immunohistochemical double labeling of the cryostat sections from fresh-frozen specimens revealed oligodendrocytes, as evidenced by MAB 328-immunoreactivity inside the cavity accompanying NF-positive axons (Fig. 2) . At 5 wk post-lesion, MAB 328-positive material was more abundant close to the ventral border of the lesion cavity, whereas dorsally located NF-positive fibers were not accompanied by MAB 328-positive cells. At later times this pattern was not as apparent and MAB 328-positive structures were found accompanying NF-immunolabeled fibers throughout the lesion cavity. The co-localization of NF-positive fibers and MAB 328-immunoreactive cells, however, represented a minority of the NF-positive material. There were, however, a number of axons having oligodendrocytes in close proximity, indicating the possibility of central myelination.
TH-positive fibers were found within the lesion cavity in sections from most of the animals studied at both 5 wk (1 on a 0-3 scale) and 10 wk post-injury (2 on a 0-3 scale). Approximately three fourths of these fibers were double-stained with NF (Fig. 3) . The proportion of fibers The top panels illustrate the location of the area (*) shown in the electron micrograph below. A Schwann cell is associated with numerous axons (a), including at least one that is a growth cone (gc). Oligodendrocyte-myelinated axons are also present, as are numerous filament-filled astrocytic processes (arrowheads). Five-week lesion. Top panels: ϫ100, ϫ400; electron micrograph, ϫ13,000.
that were double-immunolabeled with NF and TH was low (1 on a 0-3 scale).
There were 5-HT-positive fibers in the sections from most of the animals studied at both 5 wk (1 on a 0-3 scale) and 10 wk (2 on a 0-3 scale) post-injury. Similar to the TH-immunolabeled fibers, the proportion of all NF-positive fibers that were also immunolabeled with 5-HT was low (1 on a 0-3 scale). Serotonin immunolabeled fibers that were not 200 kD NF-positive were also found within the lesion cavity (Fig. 4) . In contrast to the THpositive fibers, 5-HT and NF double-labeled fibers were predominantly found in the periphery of the lesion. 
Electron Microscopy
In semi-thin sections from perfused animals the intact tissue was well preserved, but large empty holes were found in the lesion interior. In immersion-fixed material both the intact tissue and the content of the lesion cavity were well preserved (Figs. 5-8) . At 5 and 10 wk postlesion, numerous axons were seen within or adjacent to the lesion cavity. Both axons with loose myelin in a state of breakdown and axons with thin myelin sheaths appearing to be in a remyelinating state were seen at these post-lesion times. Some axons were myelinated by oligodendrocytes while others were associated with or myelinated by Schwann cells. There were also numerous unmyelinated axons. At 5 wk post-lesion, numerous macrophages and myelinated debris were seen within the lesion (Fig. 6) . Inside the lesion cavity, growth cones characterized by cytoplasm filled with mitochondria, smooth endoplasmic reticulum, vesicles, microtubules, and microfilament, were observed both at 5 and 10 wk postlesion (Fig. 5) . Filament-filled astrocytes were prominent at 10 wk.
Quantitative Analysis
The total length (L tot ) of NF-positive fibers within the lesion cavity was lowest at 1 wk post-lesion and was significantly different from the total length at 5 wk postinjury (p ϭ 0.037). The various lengths were as follows: (Table) .
The mean value of the lesion volume (V) at 1 wk postlesion was 2.35 mm 3 (Ϯ1.16), whereas 4 wk later the volume was 1.72 mm 3 (Ϯ0.44). At 10 wk the lesion volume was 1.02 (Ϯ0.67) while it was 0.97 (Ϯ0.55) at 15 wk post-lesion. The lesion volumes at the 2 later times were significantly smaller than the volumes measured at 1 and 5 wk post-lesion (p ϭ 0.015) (Table) .
After the histological treatment of the sections, the thickness of the cryostat sections shrank to between 26% and 36% of the original 40 m at the time of measuring. There was no difference in shrinkage at different postlesion times (p ϭ 0.25).
DISCUSSION
In the present study we present evidence for regenerative sprouting of CNS axons within a necrotic lesion cavity in the rat spinal cord lasting several months after injury. In rats with comparable motor function after injury, the length of NF-positive fibers per mm 3 lesion volume was increased 10-fold between 1 and 5 wk postinjury. The high density of axons remained during the 15-wk-long study. The mean total length of all NF-immunolabeled axons within the lesion cavity showed a similar increase between 1 and 5 wk post-lesion.
At 10 and 15 wk after injury, some rats displayed a shorter total fiber length compared to rats with the same injury parameters and motor capacity that were killed at earlier times. This resulted in large standard deviations that were most apparent in the chronic groups. In the relatively small groups we have studied there seems to be an increasing variation in the animals with time after injury. The size of the lesion and the fiber length within the lesion cavity varied between individual animals within each survival group. Even though the animals were inbred, of the same age, treated the same way, and even had similar functional outcome, the biological effect of the injury and the lesion itself were not identical. The inflammatory response and stress level may have differed and in females there are also varying hormonal levels to be considered. We do not know which of these or other factors that may have influenced the regenerative response.
In the present study the total axonal length at 1 wk post-lesion was low compared with later times, although there were some axons present within the lesion. In another study of photochemical lesions, an increase in number of subpial axons along the dorsal border was shown between 4 and 10 days post-lesion (22, 23) . One week post-lesion is not a ''zero'' value but an observation time to check whether there are surviving axons. Therefore, the large numbers of axons that are seen in the chronic lesions do not merely represent surviving fibers but rather regenerating axons. There are reports of inhibited protein synthesis after spinal cord ischemia (35) . In earlier studies of NF content in ischemic spinal cord lesions, we found the NF content, measured with Western blot analysis, to normalize over the first week post-injury (27) . Thus, NF-positive fibers present at 1 wk post-lesion should be immunoreactive-which they might not be at an earlier time. Whether all the NF-immunoreactive fibers seen at this early time had regenerated or if some survived the injury cannot be concluded. The substantial increase in axonal length at later times strongly indicates that either axonal elongation or sprouting has taken place. At 10 wk post-lesion there are growth cones among some of the axons found within the lesion cavity, indicating that at least some of the axons are regenerating.
The estimated lesion volume decreased more than 50% at the later survival times. It is a common finding in experimental spinal cord injuries that the lesion cavity has a tendency to collapse at later times post-injury (22, (36) (37) (38) and that the lesion volume consequently diminishes. This is probably partially due to the disappearance of macrophages and tissue liquification. The number of macrophages has been reported to diminish during the second month post-lesion (22, 36) , which we also observed qualitatively in this study.
The size of the lesion cavity is sometimes given as a relative measure of the proportion of lost tissue to the entire spinal cord. In this study, the size of the lesion cavities is presented in mm 3 , i.e. the lesion cavity in which the fiber length was estimated, which means that shrinkage will influence the volume considerably. More importantly, factors such as successful regeneration will affect the delineation of the border, since tissue identified as normal with a 4ϫ magnifying lens will not be included in the analysis of the lesion. This may, in fact, explain why the lesion sizes were considerably smaller at 10 and Figure 7 . This region contains a number of new oligodendrocyte myelin sheaths, one of which appears to have been in the process of formation (arrowhead). A filamentfilled astrocyte is present in the lower right of the figure (nucleus, encircled ''n''). Myelin debris remains. Ten-week lesion, ϫ4,100.
larger lesion volumes with comparable densities. Larger contusion injuries have been reported to have more pronounced ingrowth of primary afferents than small ones (19) . Greater Schwann cell invasion and a more robust immune response have been suggested as mechanisms, the hypothesis being that a more pronounced immunological reaction starts secondary injury processes early and also initiates reparative, growth-enhancing processes (19, 39) .
We found both myelinated and unmyelinated axons within the lesion. The axons were associated with Schwann cells or oligodendrocytes and there were also axons that were un-associated with either myelinating cell type. In-growth of Schwann cell-ensheathed primary afferents from the dorsal roots into spinal cord lesions have been reported both in animal models (19, 20, 22, 23, (40) (41) (42) and neuropathological studies of long-term spinal cord injuries in humans (36) . We found Schwann cells inside the lesion cavity, ensheathing some axonal populations. These axons were most likely primary afferents. More importantly though, several of the axons within the cavity were associated with oligodendrocytes, as shown by immunohistochemistry as well as electron microscopy. These fibers were judged to be of central origin. some axons growing within the lesion cavity had a supraspinal origin. Also, at 10 wk post-lesion we saw growth cones within the lesion cavities that indicate that active regeneration is taking place at this time as well as at 5 wk.
Oligodendrocyte-derived myelin has been shown to inhibit regeneration (3, 43) . Inhibitory protein fractions have been isolated from CNS myelin (9, 44, 45) and treatment with antibodies (16, 46) against these inhibitory proteins promotes axonal regeneration. In the nigrostriatal tract, regeneration was found if all astrocytes, oligodendrocytes, and NG2 immunoreactive cells were removed (47) . The inhibitory effect of the oligodendrocytes does not seem to be absolute because we find regenerating fibers with growth cones and oligodendrocytes in close proximity to each other. The NF-immunolabeled fiber regrowth took place within lesion cavities that already at 3 wk were surrounded by astrocytes forming a glia limitans (27) .
The vast majority of TH-and 5-HT-positive axons were not double-labeled with NF. It has been shown that 30% of CGRP-positive fibers are NF-rich, while only 15% of substance P-containing fibers are NF-rich (48) . This illustrates the fact that, by labeling axons containing 200 kD NF, we probably excluded a significant population of primary afferent fibers. Our finding that only a fraction of the 5-HT and TH-positive axons are NF-immunoreactive suggests that there may be a similar situation with axons of a supraspinal origin. This indicates that the axonal length is underestimated because only 200 kD NF-positive axons are included in the quantification. In human postmortem material, axonomas of central origin have been described both after cerebral and spinal infarctions (25, 26) . In Luxol Fast Blue-periodic acidSchiff-stained sections from human spinal cord that had been traumatized 24 yr previously, we have seen similar central axonomas within the cystic lesion (not shown). In regard to these findings, the presence of lasting regenerative axons within spinal cord lesions does not seem to be limited to rodents. The question why the extent of spontaneous regeneration varies and what determines this process is still unanswered.
Regeneration in the injured spinal cord is a goal for investigators studying spinal cord lesions even though regeneration may not always be beneficial to the patient. Sprouting of primary afferents has been associated with clinical problems such as muscle spasticity and urinary bladder dyssynergia (17, 49) . Further awareness of the mechanisms underlying spontaneous regeneration in the CNS may facilitate development of treatment of the undesired effects. Understanding the regulatory mechanisms of such regeneration may guide us to successful approaches in this regard. The present study does not investigate whether the growing axons bridge the lesion, if the axons make functional connections, or if there are adverse effects of this regeneration. Our findings indicate, however, that there is a significant and lasting growth of CNS axons within ischemic spinal cord lesions and that some of these axons have a supraspinal origin.
